The human visual system has adapted to process cluttered scenes containing dozens of 16 regularly arranged objects. The regularity among objects critically contributes to the 17 efficiency of naturalistic vision. Recent studies investigating multiple object perception 18 have demonstrated that visual cortex responses to multi--object displays can be 19 accurately modeled by a linear combination of responses to individual objects, revealing 20 independent processing of simultaneously presented objects. Here we use fMRI to show 21 that this independence partly breaks down when objects are positioned according to 22 frequently experienced configurations. Participants viewed pairs of objects that formed 23 minimalistic two--object scenes (e.g., a "living room" consisting of a sofa and television) 24 presented in their regularly experienced spatial arrangement or in an irregular 25 arrangement (with interchanged positions). Additionally, single objects were presented 26 centrally and in isolation. Multi--voxel activity patterns evoked by the object pairs were 27 modeled as the average of the response patterns evoked by the two single objects 28 forming the pair. In two experiments, this approximation in object--selective cortex (OSC) 29 was significantly less accurate for the regularly than the irregularly positioned pairs, 30 indicating integration of individual object representations. More detailed analysis 31 revealed a transition from independent to integrative coding along the posterior--anterior 32 axis of the visual cortex, with the independent component (but not the integrative 33 component) being almost perfectly predicted by object selectivity across the visual 34 hierarchy. These results reveal a transitional stage between individual object and multi--35 object coding in visual cortex, providing a possible neural correlate of efficient 36 processing of regularly positioned objects in natural scenes.
presented in separate runs, using the same block design and task. The procedure in Experiment 2 was identical to experiment 2 unless otherwise 154 noted. In Experiment 2, only two of the object pairs were used (living room and street 155 crossing). Additionally, in separate runs, the natural scene stimuli were presented (Fig. 1,   156 A). These runs had an identical structure to the pair and single object runs. In alternating order, only indoor rooms or outdoor street scenes appeared in a single block. In total, 158 Experiment 2 consisted of 9 runs (3 pair runs, 3 single object runs, 3 scene runs), always 159 starting with a pair run, followed by a single object run and by a scene run (this order was 160 repeated three times). During the experimental runs, T2*--weighted gradient--echo echo--planar images (EPI) 176 were collected (repetition time TR=2.0s, echo time TE=33ms, 73° flip angle, 3 x 3 x 3mm 177 voxel size, 1mm gap, 34 slices, 192mm field of view, 64×64 matrix size). Additionally, a T1--178 weighted image (MPRAGE; 1 x 1 x 1mm voxel size) was obtained as a high--resolution 179 anatomical reference. All resulting data were preprocessed using MATLAB and SPM8. EPI The BOLD--signal of each voxel in each participant in the localizer runs was 186 modeled using one regressor for each stimulus category, and six regressors for the 187 movement parameters obtained from the realignment procedure. Object--selective 188 cortex (OSC) (Malach et al., 1995) was localized using an object>scrambled contrast.
189
Regions for both hemispheres were concatenated to form a bilateral ROI (Experiment 1: 190 mean ROI size 1000 voxels, SE=35; Experiment 2: mean ROI size 1036 voxels, SE=45).
191
Additionally, an early visual cortex (EVC) ROI was defined by inverse--normalizing an 192 anatomical mask into individual--subject space (Experiment 1: mean ROI size 996 voxels, 193 SE=8; Experiment 2: mean ROI size 969 voxels, SE=9). For both ROIs, an additional voxel 194 selection criterion was adopted: as we expected that optimally pair--selective voxels 195 allow for better approximation of the pair patterns by single--object patterns (Baeck et 196 al., 2013; MacEvoy and Epstein, 2009) , the OSC and EVC ROIs were intersected with 197 voxels that could optimally discriminate between the different pairs. These voxels were 198 selected from a whole--brain searchlight classification analysis (see below). A--priori, a 199 voxel count of the 100 most pair--selective voxels was set for all analyses; to rule out that 200 the results were specific to this particular number of selected voxels, the analysis was 201 repeated with different voxel counts ranging from 20 to 500 (see Supplementary   202 Information). For results obtained with a different selection method and for the results in The BOLD--signal of each voxel in each participant was modeled using one 207 regressor for each stimulus type, and six regressors for the movement parameters 208 obtained from the realignment procedure. Activation differences were computed by 209 averaging beta--weight estimates across voxels for each ROI. Significant differences 210 between the regularly and irregularly positioned pairs were assessed using t--tests.
212
Multi--voxel pattern analysis 213 Multivariate pattern analysis (MVPA) was carried out on a TR--based level using 214 the CoSMoMVPA toolbox (Oosterhof et al., 2016) . For each voxel belonging to a specific 215 ROI, TRs corresponding to the conditions of interest were selected by shifting the voxel--216 wise time--course of activation by three TRs (to account for the hemodynamic delay).
217
Subsequently, for each run separately, activation values were extracted from the EPI--218 volumes for each TR coinciding with the onset of a specific condition; the activation 219 values were then normalized by z--scoring the values for each voxel. For the decoding 220 analyses, linear discriminant analysis (LDA) classifiers were trained on all but one runs, 221 and tested on the remaining run; this procedure was repeated so that every run was left 222 out once. Pair classification was also computed in a searchlight decoding analysis (which 223 was used for guiding ROI definition): for this analysis, a spherical neighborhood of 100 224 voxels was used to identify voxels in visual cortex that could optimally discriminate the 225 different object pairs, irrespective of the regularity condition. Significant decoding was 226 assessed by comparing classifier accuracy to chance performance, using t--tests. For the 227 pair combination analysis, response patterns were averaged across all TRs belonging to a 228 specific condition, resulting in a single response pattern for every condition. Single--object response patterns for the two objects belonging to a specific pair (e.g., car and traffic 230 light or sofa and TV) were averaged. Thus, for each pair three response patterns were 231 available: (1) the response pattern evoked by the pair presented in the regular 232 arrangement, (2) the response pattern evoked by the pair presented in the irregular in Experiment 2, pair response patterns were correlated with the corresponding scene 239 response patterns (e.g., sofa/TV and indoor room scene; within--correlation) and the non--240 corresp0nding scene patterns (e.g., sofa/TV and outdoor street scene; between--241 correlation), separately for regular and irregular pairs. The difference between these 242 within--and between--correlations was used as a measure of pair approximation quality.
243
Approximation quality was then compared for the regular and irregular pairs by using 244 paired t--tests. All correlations were Fisher--transformed prior to statistical analysis. To characterize the emergence of the regularity effect along the visual processing 257 hierarchy, we performed a searchlight analysis, where we systematically moved a spatial 258 voxel neighborhood along the anterior--posterior axis. For this analysis, the data from 259 both experiments was combined. First, the occipitotemporal cortex (defined based on an 260 anatomical mask) was divided into 40 slices. Each slice spanned 10mm in the anterior--261 posterior (Y) direction, with an inter--slice distance of 2mm (thus, individual slices were 262 overlapping). X and Z coordinates of the occipitotemporal region were fully covered, with the exception that the medial parts of occipital cortex were masked out to avoid 264 sampling of EVC voxels. The 40 slices were then inverse--normalized to individual--265 participant space. Separately for each participant, within each slice the 100 voxels that 266 allowed the most accurate pair decoding in a searchlight analysis were selected (similarly 267 to the OSC analyses, see above). Subsequently, the pair approximation analysis (see 268 above) was performed for these 100 voxels within each slice. To assess the general 269 object--selectivity of the voxels in each slice, we computed the difference between the 270 GLM beta weights for intact and scrambled object in the functional localizer runs (see to reveal significant decoding performance.
Results
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Experiment 1 279 To investigate whether positional regularities impact neural responses in object--280 selective visual cortex (OSC), we presented participants with pairs of objects that 281 commonly appear together in real world scenes, such as in a bathroom (toilet and sink), 282 in a living room (sofa and TV), on a street crossing (car and traffic lights), or at a 283 playground (seesaw and slide). These objects were directly cut from natural scene 284 images and presented on a blank background ("regular" condition; Fig. 1, A) . To 285 investigate whether the way in which these object typically co--occur in the real world 286 influences neural responses, we added a condition where we reversed the object 287 locations ("irregular" condition, Fig. 1, A) , keeping everything else identical. Additionally, 288 the single objects belonging to the pairs were presented centrally ( Fig. 1, B) . most to the classification of the four pairs were selected ( Fig. 3, A) . 302 First, we tested whether the four object pairs were reliably discriminable in both Methods). For both regular and irregular pairs separately, the difference between within--325 and between--correlations was taken as a measure of pair approximation quality.
326
In OSC, both regular and irregular pairs were discriminable using the average 327 single object patterns (regular: t[13]=6.33, p<0.001; irregular: t[13]=11.2, p<0.001; Fig. 3 interaction with region: t[13]=2.9, p=0.01). These findings suggest that object processing 336 in OSC is sensitive to typical real--world positioning. and street scenes during separate blocks of Experiment 2 (Fig. 1, A) . None of these 383 scenes contained any of the objects belonging to the pairs. OSC response patterns to 384 these scenes were reliably discriminable in a two--way classification analysis (mean of 2mm (see Fig. 4, A) . For each of these slices, comparably to the OSC analyses for 418 Experiments 1 and 2, the 100 best pair--representing voxels were selected based on 419 individual--participant searchlight maps. Then, for each slice separately, the pair 420 approximation analysis was repeated, leading to a pair approximation value (within--421 correlation vs. between--correlation) and a regularity effect for each slice (Fig. 4, B) . 422 Generally, approximation quality across the two regularity conditions (i.e., the mean of 423 the two conditions) was very robust and significantly above chance for all slices centered 424 between Y=--100 and Y=--34 (Fig 4, C) . To detect regularity effects, the difference of the 425 linear approximation quality in the regular and irregular conditions was compared to 426 zero. This analysis revealed an effect that emerged between Y=--80 and Y=--84, and later 427 between Y=--64 and Y=--38 (Fig 4, D) . This pattern of results shows that highly accurate 428 linear approximation can be observed at earlier processing stages than the relative 429 breakdown of this approximation in the regular condition, suggesting that the 430 integrative multi--object coding for regularly positioned objects is preceded by an 431 independent representational stage.
432
To assess how the overall approximation quality and the regularity effect relate to 433 object selectivity, the difference of the intact and scrambled object conditions in the 434 functional localizer was computed for each slice (see Materials and Methods). All slices 435 between Y=--98 and Y=--30 exhibited significant object--selectivity (Fig. 4, C/D) . 436 Interestingly, across slices object--selectivity almost perfectly predicted overall 437 approximation quality (r=0.97, p<0.001). By contrast, object--selectivity did not 438 significantly predict the regularity effect across slices (r=--0.05, p=0.75). These results 439 suggest that the independent component of multi--object processing is tightly linked to 440 the degree of object--selectivity, while the encoding of object regularity emerges later in 441 the visual hierarchy. In sum, this analysis shows that overall linear approximation 442 (reflecting the independent component of multi--object processing) and its relative 443 breakdown (reflecting an effect of positional structure) can be anatomically dissociated, 444 revealing a transformation from independent to integrative coding of multi--object 445 displays along the visual processing hierarchy. hierarchy, and showed a striking correspondence with the degree of object--selectivity. D,
457
Differences between the regular and irregular conditions emerged starting from Y=--80.
458
In contrast to the overall approximation, the regularity effects along the hierarchy did 
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Similarly, regularly positioned objects may be grouped in visual cortex, giving rise to 510 different response patterns to the whole than the sum of the parts. Further studies are 511 required to probe the nature of these representations at a finer grained level.
512
A number of previous studies have explored relational coding of objects in the 513 context of action relationships. Some of these studies have reported univariate 514 activation differences between objects positioned correctly or incorrectly for performing 
